The San Francisco Bay-Delta estuary and its upstream watershed have been highly modified since exploration and settlement by Europeans in the mid-18th century. Although these hydrologic alterations supported the growth of California's economy to the eighth largest in the world, they have been accompanied by significant declines in native aquatic species and subsequent efforts to reverse these declines through flow management. To inform ongoing deliberations on management of freshwater flows to the estuary, we examined a recent nine-decade hydrologic record to evaluate seasonal and annual trends in reported Delta outflow. Statistically significant trends were observed in seasonal outflows, with decreasing trends observed in 4 months (February, April, May, and November) and increasing trends observed in 2 months (July and August). Trend significance in early-to-mid autumn (September and October) is ambiguous due to uncertainty associated with in-Delta agricultural water use. In spite of increasing water use over the period examined, we found no statistically significant annual trend in Delta outflow, a result likely due to large interannual variability. Linkages between outflow trends and changes in upstream flows and coincident developments such as reservoir construction and operation, out-of-basin imports and exports, and expansion of irrigated agriculture are discussed. To eliminate inter-annual variability as a factor, change attribution is explored using modelled flows and fixed climatology in a companion paper. 
was motivated by the need to inform ongoing deliberations on management of freshwater flows to the estuary, given the pervasive issues and concerns regarding restoration targets and shifting baselines as introduced in the previous paragraph.
Anthropogenic modifications to the estuary and its watershed occurred rapidly upon European settlement of the region in the mid18th century (Hundley, 2001 ) and include development of surface water storage equivalent to a year's average runoff (Graf, 1999) , landscape conversion for agriculture and urban uses, and construction of large water projects to export water from the system. Although the estuary and its watershed have been dramatically altered over the past century, flow trends are often difficult to discern because of the large seasonal and inter-annual variability in watershed precipitation. Some of the underlying drivers of precipitation, such as sea surface temperatures, vary on decadal timescales (Cayan, Dettinger, Diaz, & Graham, 1998 ) and thus mask flow trends due to watershed changes over shorter time horizons. Detecting and attributing natural and humaninduced changes to the hydrologic regime is needed to support restoration activities in general and flow and salinity management in particular. Specifically, there is interest in understanding historical changes to Delta outflow, the nontidal freshwater flow from the Delta to San Francisco Bay, which is a strong driver of estuarine salinity and habitat conditions (Feyrer, Newman, Nobriga, & Sommer, 2010; Feyrer, Nobriga, & Sommer, 2007; Jassby et al., 1995; Kimmerer, Gross, & MacWilliams, 2009; Moyle, Lund, Bennett, & Fleenor, 2010) . Delta outflow, which is directly regulated to protect fish and wildlife beneficial uses and indirectly regulated through salinity standards to protect urban and agricultural beneficial uses (California State Water Resources Control Board, 2006) , is managed through control of upstream reservoir releases and out-of-basin water exports from the Delta.
Here, we characterize how Delta outflow has changed as a result of anthropogenic and natural drivers using observed flow and precipitation data across the watershed over a period spanning more than nine decades. This hydrologic period reflects extensive change throughout the watershed, particularly the construction of the State Water Project (SWP) and the Central Valley Project (CVP) with their FIGURE 1 Bay-Delta watershed showing the major rivers that flow through the California Central Valley, most of which are regulated through reservoirs. The approximate location of 10 major reservoirs in the Sacramento and San Joaquin basins of the Central Valley are identified network of dams, pump stations, and aqueducts for water storage and transport to other parts of the state, construction of other nonproject dams, expansion of irrigated agriculture, and growth in population (Figure 2) . It is important to recognize that this hydrologic period does not extend sufficiently far back in time to measure change from pristine or natural baseline conditions. Alterations to the landscape had already occurred by the mid-to-late 19th century (Fox, Hutton, Howes, Draper, & Sears, 2015) and substantial irrigated areas in the watershed existed by the 1920s. This work generally relies on directly observed quantities, or simple calculations thereof, and thus foregoes examination of important water budget terms (e.g., evapotranspiration and groundwater flows) that require modelling approaches. However, building on the flow trend evaluation presented here, a companion paper (Hutton et al., 2017 ) adopts a modelling framework to attribute the causes of Delta outflow and salinity change in the estuary, recognizing the inter-relationship between outflow and salinity.
The companion paper also builds on prior work that explored salinity trends in the San Francisco Bay-Delta estuary (Hutton, Rath, Chen, Ungs, & Roy, 2015) . The analyses presented in this paper, as well as the companion paper, employ time steps of 1 month to 1 year and therefore do not consider extreme events such as floods.
2 | BACKGROUND
| Geographic setting
The watershed of the San Francisco Bay-Delta estuary, including the portion of California's Central Valley that is drained by the Sacramento and San Joaquin Rivers and the Delta formed by these rivers (Figure 1 ). is a vital part of California's water supply and its hydrology has been the focus of measurement and study for more than a century (California Department of Public Works, 1923; 1931; Hall, 1886) . The In the contemporary system, virtually all major stream flows are regulated through dams and are impacted by withdrawals for agricultural and municipal uses. Similarly, the Delta supports diversions for local agricultural and urban uses as well as out-of-basin uses. Delta exports by the CVP and SWP support agricultural irrigation over more than three million acres and municipal supply for more than 20 million people (Delta Plan, 2013) , providing a vital foundation for California's large and diverse economy, the eighth largest in the world (Luoma et al., 2015) .
| Literature review
Long-term changes in hydrologic variables are of general interest in water resources management. Flow evaluations have been performed to understand climatic and anthropogenic drivers in North America (e.g., Bawden, Linton, Burn, & Prowse, 2014; Fox, Mongan, & Miller, 1990 (Brush et al., 2013) ; population data from California Department of Finance Lacruz, Vicente-Serrano, López-Moreno, Morán-Tejeda, & Zabalza, 2012) , and Asia (e.g., Abghari, Tabari, & Talaee, 2013; Chen & Grasby, 2009; Chen et al., 2014; He, Miao, & Shi, 2013; Jiang, Su, & Hartmann, 2007; Sharif, Archer, Fowler, & Forsythe, 2013) . The Mann-Kendall (MK) test (Kendall, 1938; Mann, 1945) , a common non-parametric statistical procedure to test the presence of monotonic trends, has been used extensively in hydrology trend studies (including the studies cited above) and is the primary tool employed in this analysis.
Historical flow trends in the San Francisco Bay-Delta estuary and watershed have been explored by several researchers. Fox et al. (1990) found that annual Delta outflows over the period spanning water years (WYs) 1922-1986 did not show a decline despite the increase in Delta exports during the latter half of their study period. The California WY runs from October 1 of the preceding calendar year through September 30 of the current calendar year. They attributed this finding to a variety of factors, including increasing rainfall in the upper watershed, changes in land use, water imports from other basins, and redistribution of groundwater. They observed changes on a seasonal basis with downward trends in April and May and upward trends from July to November. Knowles (2002) evaluated the effect of management and natural changes on variability in Delta outflows using a modelling approach and observed data from WYs 1967 WYs -1987 . Although he identified a reservoir effect that altered flows on a seasonal pattern (increased flows in July through October and decreased flows in January through June) as well as a Delta withdrawal effect that decreased flows at roughly the same level over all months, he concluded that natural inter-annual hydrologic variability greatly exceeds the range of management effects on salinity in the estuary. Enright and Culberson (2009) explored changes in Delta outflow over the period WYs 1930 WYs -2006 . They found, in a manner similar to Knowles (2002) , that the effect of natural variability was much greater than that of water project operations. They also found a seasonal pattern in flows similar to Fox et al. (1990) , with downward trends in February through June and upward trends in July through September. Enright and Culberson (2009) explored flow patterns using nonmonotonic techniques and related these to large-scale oceanic oscillations in temperature (Pacific Decadal Oscillation). Although a simple correlation between flow and Pacific Decadal Oscillation was not found, they observed some correspondence between these two variables on a decadal scale. Dettinger and Cayan (2003) explored changes in unimpaired flows over the period WYs 1906-1992 from the eight major Sierra Nevada rivers. The sum of these unimpaired flows, termed the Eight River Index, is a calculated quantity obtained by synthetically removing the effects of reservoir storage and diversions from observed stream flows. This flow index does not represent observed conditions but is widely used to classify seasonal and annual water supply conditions. As discussed in the following Section 3, we use a subset of the Eight River Index (i.e., the Four River Index) to characterize climatic conditions in the Sacramento Basin. Dettinger and Cayan (2003) noted changes in the hydrograph characteristics of each river and its individual contributions to Delta outflow. Although they found that about two thirds of the flow variability was shared among the different river basins, the remaining variability contributed differently to flows in different seasons. Because their work did not use actual flows for analysis, time trends were not reported. Cloern and Jassby (2012) evaluated trends in Delta inflows, outflows, and exports over WYs 1956 WYs -2010 . Over this truncated study period, they found significant increases in Delta inflow in July and August (indicative of reservoir releases) and significant decreases in Delta outflow from September through December. In the remaining months, no significant trends in Delta outflows were detected. Lack of significant outflow trends in winter and spring months was attributed to the large underlying flows; lack of significant outflow trends in July and August was attributed to exports being compensated by reservoir releases.
In this work, we use the most recent data available (through WY 2015) and expand the geographic scope of previously published analyses summarized above by incorporating Delta outflow as well as all major contributing flows from upstream locations. Our research objective is to understand the change in Delta outflow and to explain the causes of change based on observed hydrologic quantities (primarily flows and precipitation). Of necessity, these observation-based explanations are qualitative because of the complex interaction of multiple drivers of change over time. This approach has the benefit of relying upon direct measurements rather than modelled quantities (with embedded assumptions on the underlying processes) and provides an independent explanation of the causes of flow change. Model-based approaches are also beneficial, particularly given their flexibility to control key drivers such as development or climate, and in a companion paper, we examine changes in Delta outflow using alternative modelled flow scenarios (Hutton et al., 2017) .
| METHODS
A simplified schematic representation of the major San Francisco Bay-Delta watershed flows is shown in Figure 3 to provide conceptual clarity to the flow trend evaluation methodology. As stated previously, the goal of this paper is to characterize how Delta outflow has changed over time. To more fully understand these changes, we also consider the primary hydrologic components that constitute Delta outflow. 
| Data
The observed data used for this analysis, drawn from California state and federal data sources, include raw data as well as secondary sources where raw data has been compiled and cleaned for related studies. The (Monismith, 2016) , the Delta outflow reported in DAYFLOW is not based on tidal flow measurements; rather, it is estimated from a budget of inflows and diversions from the Delta.
We also draw upon some flow data used as historical boundary conditions for the California Central Valley Groundwater-Surface Water Simulation Model (Brush, Dogrul, & Kadir, 2013; Dogrul, Kadir, Brush, & Chung, 2016) Table 1 presents a summary of the data used in this work, including the data sources, and partitions these data into three categories:
"Delta flow components," "Sacramento Basin inflow components,"
and "Climate components." Delta Flow is comprised of the following elements as previously described: Sacramento Basin inflow, other 
| Statistical analysis
A pair of tests used extensively to detect hydrologic trends was applied in this work: Sen's non-parametric estimate of slope and the MK test.
The Sen slope is the median of all slopes between all possible unique pairs of individual data points in the time period being analysed. If there are n time points, then there are a total of n(n − 1)/2 possible pairs of time points one could use to calculate a slope, and Sen's slope is the median of these values (Sen, 1968) . The method is robust and fairly insensitive to the presence of a small fraction of outliers, nondetect, or extreme data values. Thus, trend estimates based on Sen slope are not biased by the occurrence of drought in the early part and latter part of the flow record. The MK test (Kendall, 1938; Mann, 1945 ) is a common non-parametric statistical procedure to determine significance of trend. The rank-based, non-parametric MK test is useful for this purpose because stream flow data are likely to exhibit nonGaussian residuals, contrary to what is assumed in many classical regression models.
We analysed the annual flow time series (WY total) and each monthly subseries (e.g., the January subseries is all the January observations) with the MK test at the 5% significance level. For the analysis of annual flow trends, we summed monthly flows by WY before computing the trend using the standard MK test. This approach allowed for a consistent methodology across monthly and annual data sets. The "two-sided" MK test was used in this analysis and examines if data show a trend that is either increasing or decreasing over time. Absent prior knowledge of the direction of the change anticipated (either an increase or a decrease), the two-sided test is appropriate.
For a limited number of flow terms, the seasonal trend decomposition test based on loess (STL) (Cleveland, Cleveland, McRae, & Terpenning, 1990 ) was applied. The STL is a filtering procedure for decomposing a time series into trend, seasonal, and remainder components. This approach has been used previously in hydrologic studies (Enright & Culberson, 2009; Gudmundsson, Tallaksen, Stahl, & Fleig, 2011 test for our present purpose in that, while the resulting "trend" is representative of an underlying change, the resulting "trend" is not necessarily statistically significant as determined through the MK test described above. The STL approach has some advantages over the MK test. The MK test is limited to detecting monotonic trends, yet changes in flow often exhibit a more complicated pattern. Indeed, flow variables often exhibit natural variability on long timescales, described as low frequency variability or long-term memory (Gudmundsson et al., 2011; Koutsoyiannis, 2003) should not be considered "natural" or "predevelopment" because significant hydrologic alteration took place over this period to support agricultural development and population growth. Furthermore, the later period (WYs 1968 (WYs -2015 should not be considered to be uniform in terms of watershed conditions, as land and water use continued to change, albeit at a slower pace than in the preceding period. This more recent period is also characterized by regulated water operations to meet outflow and salinity standards in the estuary.
These outflow and salinity regulations have also undergone change over this period (CSWRCB, 1978; CSWRCB, 2000; CSWRCB, 2006) .
| RESULTS
The annual water supply to the Delta over Trends were examined on a monthly and annual basis for the hydrologic components shown in Table 1 ; results were reported as a significant or non-significant outcome and as a magnitude of the Sen slope. In the narrative summary of results that follows, we use the term nominal trend to refer to the Sen slope for cases when the MK results do not confirm significance.
| Seasonal trends
When the flow components in Table 1 The absence of a statistically significant trend in annual Delta outflow over WYs 1922 WYs -2015 is counterintuitive given the significant growth in exports over this period (Figure 8 ). This finding may be explained in part by the large inter-annual hydrologic variability that masks underlying changes, as well as the changing sign of the slope in the climate and inflow terms over the two sub-intervals noted above. The Delta outflow STL analysis is supportive of these observations of variability and nonmonotonicity. Figure 9 shows a decomposition of the Delta outflow time series using the STL approach. The decomposition reveals a small "trend" component term that is nonmonotonic, with an increasing trend through the mid-1960s
followed by a gradual decline, and a relatively large "remainder" component that cannot be explained by the seasonal signal or the trend. A similar nonmonotonic pattern is observed for the Sacramento Basin inflow to the Delta as well (results not shown). These observations provide some insight into why the MK trend line for annual Delta outflow, although nominally negative, does not report a statistically significant downward trend. We note that, although our selection of a 5% significance level is in line with standard scientific practice (Craparo, 2007) , an additional test at the 10% level was conducted and revealed a significant downward trend in the nine-decade annual Delta outflow time series at this weaker level.
Trends explicitly accounting for year-to-year variability in Delta outflow, partly driven by climatic variability, were also evaluated by WYs 1922 WYs -2015 ; the earlier subperiod when many reservoirs were constructed (WYs 1922 (WYs -1967 ; and the most recent subperiod following completion of water export infrastructure (WY 1968 (WY -2015 . WYs 1922 WYs -2015 ; the earlier subperiod when many reservoirs were constructed (WYs 1922 (WYs -1967 ; and the most recent subperiod following completion of water export infrastructure (WY 1968 (WY -2015 . Increasing volumes of Sac Basin depletions are shown as negative trends outflow, is a metric of considerable importance for the region's water quality and ecosystem. Understanding how it has changed over time will inform ongoing deliberations on management of the estuary and its watershed. Natural inter-annual variability is a dominant feature of the system's hydrology; therefore, trend evaluation was performed using statistical methods to parse out true significant changes in Delta The trend evaluation revealed statistically significant changes to Delta outflow in 6 of 12 months, with decreases observed in 4 months (February, April, May, and November) and increases observed in 2 months (July and August). These findings are consistent with other research (Enright & Culberson, 2009; Fox et al., 1990 ) and mirror estuarine salinity trends reported elsewhere in terms of X2 position as derived from observed surface salinity data.
X2, defined as the position of the two parts per thousand near-bottom isohaline as measured from Golden Gate Bridge, increases with decreasing flows and is used for outflow management in the San Francisco Bay-Delta estuary (California State Water Resources Control Board, 2006; Jassby et al., 1995) . Consistent with the Delta outflow trends reported in this paper, Hutton et al. (2015) reported statistically significant decreasing X2 trends in August and September, statistically significant increasing trends in April and May, and no statistically significant change on an annual average basis. Trends in X2 position over the two sub-intervals (WYs 1922 -1967 and WYs 1968 , as reported by Hutton et al. (2015) , are also consistent with the Delta outflow sub-interval trends reported in our work. The correspondence between trends in Delta outflow and estuarine salinity is especially important because these were derived from entirely independent data sets.
On an annual time scale, a somewhat complex picture emerges from our analysis of Delta outflow changes since the early 1920s.
Annual water supply available to the system, as measured by unimpaired runoff from the Sierra Nevada mountain range (i.e., Eight River Index) and precipitation in the valley floor of the Sacramento Basin, is characterized by nominally increasing trends in the early part of the record (WYs 1922 (WYs -1967 and nominally decreasing trends in the latter part of the record (WYs 1968 (WYs -2015 , with no statistically significant changes over the full nine decades. When this lack of climatic trend is contemplated in conjunction with anthropogenic changes such as greater water use within the watershed and the advent of facilities to export water from the estuary, it is reasonable to expect a statistically significant decreasing annual trend in Delta outflow over the nine-decade period. However, a statistically significant trend was not ; the earlier subperiod when many reservoirs were constructed (WYs 1922 (WYs -1967 ; and the most recent subperiod following completion of water export infrastructure (WY 1968 (WY -2015 . Increasing volumes of Delta exports and Sac Basin depletions are shown as negative trends partially explain the absence of a significant trend over the entire period of record and support the investigation of trends over two sub-intervals. A statistically significant downward trend was revealed when the annual Delta outflow time series was normalized to remove inter-annual variability; this trend appears to have been curbed (and possibly reversed) over the last few decades in drier years due to more restrictive water management in the estuary and stabilization of irrigated land use in the Sacramento Basin, though this conclusion is based on results that are not necessarily statistically significant. Finally, it is worth noting that data record length has a bearing on the statistical detection of trend (Wilby, 2006) . The nine-decade annual Delta outflow record associated with the full period, while substantial, may nonetheless be inadequate to detect trends given high interannual variability.
The observed changes in Delta outflow are broadly associated with changes in other flow terms, most notably inflows to the Sacramento Basin, inflows to the Delta from the Sacramento Basin, and exports from the Delta. Attributing flow trends to drivers of change can be accomplished in qualitative terms, given an understanding of the underlying characteristics of the drivers. For example, it is well understood that reservoirs impound water during the high flow winter and spring months and release water during the low flow summer and fall months. As another example, it is well understood that the majority of agricultural water use is concentrated during the typical growing season of April through September. However, the hydrology of the estuary and watershed is sufficiently complex that we were unable to rely solely on trend evaluation of component flow terms to attribute Delta outflow changes to key drivers. We examine the question of change attribution in a companion manuscript through the creation of idealized flow scenarios (Hutton et al., 2017) .
Climate change has been widely identified as a potential future stressor for California's water resources (CDWR, 2015) . Statistically significant changes in observed climatic and hydrologic metrics have been identified, including weather, snow-water equivalent, and the ratio of snow to total precipitation (Barnett et al., 2008; Knowles et al., 2006; Mote, 2006) . However, changes in runoff have been considered less often, particularly in regulated rivers. Our work found that, Ingram, Ingle, & Conrad, 1996; May, 1999) or through mechanism-oriented ecosystem modelling of components using these alternative flows (e.g., Drexler, de Fontaine, & Deverel, 2009; )-that may be considered part of a more robust restoration framework.
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